Based on a well-known tight-binding Hamiltonian formulation of carbon nanotubes, the local density of states of semiconductor-metal double-wall carbon nanotubes ͑DWCNTs͒ is evaluated numerically. The results verify that the semiconductor shells in contact with the nearby metallic shells become metallic, a direct evidence of a metallic proximity effect. This proximity effect can be used to explain the anomalous field effect characteristics observed in the field effect transistors made of the semiconductor-metal-type DWCNTs. DOI: 10.1103/PhysRevB.76.233103 PACS number͑s͒: 73.63.Fg, 73.20.At Quantum wires have attracted much attention in recent years for their novel properties [1] [2] [3] [4] [5] [6] and for their great relevance to the nanotechnologies. In particular, carbon nanotubes ͑CNTs͒ are among the mostly studied systems because of their fantastic physical properties [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] and potential applications in devices 17 and wiring 18 in nano-and/or moleculeelectronics. A CNT can be a single-wall carbon nanotube ͑SWCNT͒ or a multi-wall carbon nanotube ͑MWCNT͒.
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Each DWCNT device can experimentally be classified into one of three groups: semiconductor-semiconductor ͑S-S͒, metal-metal ͑M-M͒ or metal-semiconductor ͑M-S͒, and semiconductor-metal ͑S-M͒ combinations of two shells of DWCNTs ͑the first symbol is for the outer shell and the second for the inner one͒. The S-S and M-M ͑or M-S͒ DWCNTs exhibit similar FEC as those of semiconducting and metallic SWCNTs, 14 respectively. However, the S-M type DWCNTs show FEC with distinct features. ͑1͒ In the negative gate voltage region, on-off current ratio can be as large as 10 1 or even 10 2 , which is quite different from either those of semiconducting tubes or those of metallic ones. ͑2͒ The gate-voltage dependence of source-drain current is no longer exponential in the on-off transition region which is much wider than that in a usual semiconductor device. To explain these features, "proximity effect" was proposed 19 and qualitatively supported by a twoband tight-binding model on a two-leg ladder. Due to the intershell coupling, the electron wave functions in the inner shell can penetrate into the outer one and, therefore, generate nonzero local density of states ͑DOS͒ in the original forbidden gap of the semiconducting shell. Thus, new conducting channels are created and the semiconducting tube becomes weakly conducting. The picture is applicable to all S-M type layer structures. However, the realistic band structures of DWCNTs may affect the proximity effect. It is desirable to calculate the proximity effect with a characteristic band structure of carbon nanotubes ͑originating from the graphane layers͒.
Consider a DWCNT FET shown in Fig. 1͑a͒ . A sourcedrain voltage V sd is applied between two ends of the outer shell ͑which is usually called "side contact"͒, and a back gate voltage V G is applied through the substrate. Thus, electron transport would be mainly through the outer shell when it is metallic because of relatively large intershell tunneling resistance. In our previous two-band ladder tight-binding model, 19 only one band from each shell was considered, and the chiralities and rest bands of a DWCNT were neglected. Thus, those results can only be viewed as a qualitative illustration of proximity effect, instead of a realistic estimate of this effect in DWCNTs. In this Brief Report, we present the detailed calculation of the local DOS on the outer shell of a S-M type of DWCNTs based on a well-known microscopic tight-binding Hamiltonian with its parameters derived from the density-functional theory calculations and/or by fitting them to the experimental measurements. The results provide a direct evidence for metallic proximity effect which can explain well the observed anomalous FEC. 
H 0 is a nearest-neighbor ͑nn͒ TB Hamiltonian describing uncoupled individual shell. ␤ = a and b labels the outer and inner shells, respectively, and ͗ij͘ denotes nn atoms in each shell. ␥ 0 ϳ 2.9 eV is the intrashell nn coupling.
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H t is the tunneling Hamiltonian between the two shells, the intershell coupling can be assumed to be t ai,bj = t 0 cos ij e −͓d͑r ai ,r bj ͒−⌬͔/a t , where d͑r ai , r bj ͒ is the distance between the two atoms on different shells and ij is the angle formed by the two orbitals, and the parameters t 0 ϳ ␥ 0 / 3, ⌬ ϳ 0.334 nm, and a t ϳ 0. 
where ␥ k = ␥ 0 ͚ j=1 3 e ik·d j , and d j,j=1,2,3 are the vectors connecting one carbon atom to the nearest three others ͑Fig. 2͒.
The tunneling Hamiltonian under the same Fourier transformation becomes
where G is the reciprocal lattice of graphene, ␤ + ␤ ␤ specifies the location of a carbon atom in graphene, and
These are the theoretical preparations for our numerical calculation.
In real experiments, the chiralities of the two shells of a DWCNT have numerous possible combinations. It is impossible to perform calculations for all possible chirality combinations. For simplicity, we use CNTs with chiral indices ͑n ,0͒ to mimic the two shells of the S-M type DWCNT. This is a specific choice of a DWCNT, but the physics discussed here does not depend on the specificity of the system. The intershell distance of DWCNT is ⌬ ϳ 0.334 nm, 7 and the indices should satisfy n out − n in Ӎ 8. Considering the dimension of the real DWCNTs used in experiments, we choose ͑9,0͒@͑17,0͒ DWCNT in our calculation ͓͑9,0͒ are the indices of the inner shell and ͑17,0͒ are for the outer one͔. 1 ϫ 10 4 sample points in the first Brillouin zone are used to ensure adequate accuracy.
Proximity effect predicts a nonzero local DOS on the outer shell of a S-M type DWCNT as long as the intershell coupling exists and regandless of whether with or without a gate voltage. The local DOS on the outer shell in the absence of a gate voltage is plotted in Fig. 3 . Each main spike corresponds to an edge of a subband of the original ͑17,0͒ semiconducting SWCNT, while the secondary spikes come from the penetration of the DOS of the inner ͑9,0͒ shell. A nonzero DOS appears in the original gap region with an order of 10 −5 -10 −4 states/ eV per site. It is this finite local DOS which results in the anomalous FECs observed in S-M type DWCNTs as explained in Ref. 19 .
In addition, small bumps appear around E = 0 with a width of about 0.06 eV for the local DOS of both inner and outer shells, as shown in the inset of Fig. 3 . As the intershell coupling increases, the width and height of these peaks increase. This feature does not exist for SWCNTs. It is known 22 that both randomness and quasiperiodic coupling can dramatically alter the spectrum of a low dimensional system. In the one-dimensional case with random coupling, E = 0 is a
A piece of graphene lattice. The x and y axes are along the zigzag and armchair directions, while C h and T are along the chiral vector and CNT axis directions, respectively. a 1 and a 2 are lattice vectors and d i , i = 1, 2, and 3 are three nearest-neighbor vectors connecting two sublattices A and B. and are vectors to specify the position of a carbon atom. is the chiral angle and a 0 is the distance of C-C bond.
FIG. 3. The local DOS on the outer shell of ͑9,0͒@͑17,0͒
DWCNT at V G = 0. A nonzero DOS appears at the original forbidden gap of the ͑17,0͒ shell due to proximity effect. Inset: Small peaks in local DOS of both ͑17,0͒ and ͑9,0͒ shells are observed around E = 0, which may be due to the nonperiodicity of the intershell coupling. special point. 22 The appearance of states of E = 0 in the quasirandom intershell coupling is due to the bipartite lattice of the Dirac-electron system of graphene near the Fermi surface. It is known that such a system has supersymmetry that can have E = 0 edge states or disordered states in the presence of an edge and/or disorders, a subject of recent attention in graphene physics. 23, 24 Since these states are highly localized, they should not participate in the electron transport. These bumps are the consequences of the combined effects of the nonperiodicity of the intershell coupling and the Diracelectron nature of graphane. However, further theoretical and experimental verifications are needed. Low-temperature scanning tunneling microscopy may be a useful probe to test the result.
To understand the observed anomalous [11] [12] [13] FEC in DWCNT FETs, one needs to see how the strength of the proximity effect varies under a gate voltage. Thus, we shall calculate the gate-voltage dependence of local DOS on the semiconductor shell, especially the DOS around the Fermi level. As sketched in Fig. 1 , since the voltage is applied via the back gate ͑substrate͒, the actual voltage on the DWCNT is only a portion of the total applied voltage. 25 The percentage ␤ is related to the mutual capacitance C 1 ͑between the substrate and the DWCNT͒ and the self-capacitance of DWCNT C 2 as ␤ = C 1 / ͑C 1 + C 2 ͒. Thus, the on-site energies of the DWCNT vary with the gate voltage V G by an amount of V T = ␤V G . Due to the Fermi level pinning, the gate voltage falls mainly on the outer shell, and the gate voltage will shift the original energy spectrum of the outer shell as explained in Ref. 19 . For the case of small source-drain voltage, the electrochemical potential gradient inside the DWCNT can be neglected, and the Fermi levels ͑E F ͒ of both electrodes can be assumed to be the same ͑E F = 0, without losing generality͒. With all the above assumptions, the term ͚ i V T c ai † c ai due to the gate voltage is added to Eq. ͑1͒. The V T dependence of the total DOS and the local DOS on both the outer and inner shells at the Fermi levels g͑E F ͒ are plotted in Fig. 4 . In our numerical simulation, we shift the original energy spectrum of the outer shell with the value −e␤V G to take into account the effect of the gate voltage.
In real experiments, parameter ␤ is about 0.1 or smaller, 13 and the gate voltage is usually tens of eV. Thus, V T is chosen in the range of −5 V ഛ V T ഛ 5 V in our calculation. The following features can be seen from Fig. 4 . ͑1͒ Both the local DOS on the inner and outer shells are roughly symmetric for positive and negative gate voltages, except for some secondary structures, especially those within ͉V T ͉ ഛ 1.8 V. The rough overall symmetry comes from the symmetric energy band structures of individual SWCNTs about zero energy, while the small asymmetry is due to the quasirandom intershell coupling. Since this coupling is generally much smaller than the bandwidth of graphene, their effects are secondary and affect original gap states more than others. ͑2͒ When V G varies, the local DOS on the inner shell is roughly fixed with a value of around 0.008-0.01 states/ eV per site. states/ eV per site. However, it increases to the order of 10 −2 states/ eV per site with a large negative V G . Under a small source-drain bias and at a low temperature, the source-drain current I sd should be proportional to g͑E F ͒. Thus, the gate-voltage dependence of g͑E F ͒ explains well the observed on-off current ratio of 10 2 -10 3 in experiments. The above DOS calculations are based on the microscopic tight-binding Hamiltonian ͑1͒. This Hamiltonian catches the main physics of electron transport in DWCNTs, but it has also some limitations. First, temperature effect has not been considered in this model. Thus, we can only compare our numerical calculations with the experimental results at extremely low temperature. Second, the curvatures of CNTs are not considered in our calculations. Large curvature of small SWCNTs leads to a hybridization of * and * orbitals that results in some modifications of the original band structures of graphene. Consequently, tube curvature may affect the strength of the proximity effect. Third, electron-electron ͑e-e͒ interactions are neglected in this model. e-e interaction, which can also modify the band structures of CNTs, should be large for small CNTs. All the above neglected factors may affect the actual strength of the proximity effect, but they shall not change the physics revealed here. Last, but not least, we would like to emphasize that in this work we attribute the observed anomalous FEC in DWCNTs to the proximity effect, though the proximity effect itself is a wellknown phenomenon in heterostructures.
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